Thrombospondin 1 (TSP1) is a multifunctional matricellular protein.
INTRODUCTION
Obesity is associated with chronic inflammation that promotes the development of insulin resistance (IR) and metabolic complications (51) . Increased accumulation of adipose tissue macrophages (ATMs) has been demonstrated in obese rodents and humans and is recognized as a significant contributor to inflammation in obesity and a key mediator of IR (18, 50, 51) . Although there are advances in the study of ATMs in obesity (14 -16, 25, 30 -33, 42, 49, 50) , the mechanisms underlying ATM recruitment and activation remain to be determined. Thrombospondin 1 (TSP1) is a multifunctional matricellular protein (2-4, 6, 8, 10, 11, 13, 23, 26, 27, 36, 47, 46, 53) . As a physiological activator of profibrotic factor TGF-␤, TSP1 has been shown to play an important role in cardiovascular diseases and renal fibrotic changes (3, 8, 11, 13, 47, 46) . Recently TSP1's contribution to obesity and metabolic disease has been identified. TSP1 is highly expressed in visceral adipose tissue (AT) from obese and insulin-resistant humans or obese rodents (34, 43, 44) . Both adipocytes and macrophages produce TSP1, contributing to obesity-induced TSP1 expression in AT (9, 43) . The positive association of AT TSP1 with AT inflammation and IR has been observed in obese human subjects (43) . Moreover, by using global TSP1-deficient mice, we revealed a novel role for TSP1 in stimulating macrophage accumulation and activation in AT that promotes inflammation and IR resulting from high-fat (HF) diet-induced obesity (DIO) (21) . We found that feeding a HF diet to wild-type and global TSP1-deficient mice caused similar obesity, but only mice with TSP1 deficiency remained insulin sensitive. The protection of global TSP1-deficient mice against IR was associated with reduced ATMs and decreased adipose and systemic inflammation. In vitro data demonstrated that TSP1-deficient monocyte/ macrophages had decreased chemotactic activity and a reduced proinflammatory phenotype (20) . Based on these reports, the objective of the current study is to further determine the contribution of different cellular sources (adipocytes and/or macrophages) of TSP1 to obesity-induced inflammation and metabolic complications in a DIO paradigm.
In the current study, mice with either adipocyte or myeloid/ macrophage-specific deletion of TSP1 are used. These mice were fed with low-fat (LF) diet or HF diet for up to 32 wk. The results demonstrated that TSP1 deletion in either adipocytes or myeloid/macrophages did not affect mice from HF DIO. Interestingly, only myeloid/macrophage-specific TSP1 deficiency protected mice from late-stage obesity-induced chronic inflammation and IR. This study highlights the in vivo importance of TSP1 in regulating macrophage function and its contribution to obesity-associated metabolic complications.
MATERIALS AND METHODS
Animal experimental protocol. TSP1 floxed mice (TSP1 fl/fl on 129/B6 background) were generated by using the service from inGenious Targeting Laboratory (Ronkonkoma, NY) and genotyped by PCR analysis of genomic DNA from tail of wild-type (WT, 366 bp) or TSP1 fl/fl mice for the presence of LoxP sites (437 bp) using the primers listed in Table 1 . TSP1 fl/fl mice were bred with Adipoq-Cre or Lyz2-Cre mice (from Jackson Laboratory) for two generations to produce adipocyte (TSP1 ⌬adipo ) and myeloid/macrophage-specific TSP1 knockout mice (TSP1 ⌬Mφ ), respectively. Because male mice are sensitive to DIO and its associated complications, to determine the protective effect of tissue-specific TSP1 deficiency on DIO and its complications, initially we chose to use the male mice. All experiments were performed on 8-wk-old male TSP1 fl/fl , TSP1 ⌬adipo , and TSP1 ⌬Mφ mice. Mice were given a HF [60% kcal from fat (D12492; Research Diets), a widely used diet to induce obesity and insulin resistance in mouse models] or LF diet (10% kcal from fat; D12450B; Research Diets) for up to 32 wk with standard laboratory water. Each group contained 10 -15 mice. Body weight was measured weekly. Glucose tolerance tests were measured after 8, 16, 24, and 32 wk of HF feeding. This allowed us to determine the temporal effect of tissue-specific TSP1 deficiency on glucose homeostasis under HF feeding conditions. In addition, the long-term HF feeding regimen allowed us to determine obesity-induced chronic complications such as adipose tissue fibrosis that needs more time to develop. At the end of the study, mice were euthanized. Blood was collected, and adipose tissue depots and other organs were harvested for various analyses. All experiments involving mice conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Kentucky Institutional Animal Care and Use Committee.
Indirect calorimetry and body composition. Before the end of study (2 wk), mice were placed in TSE LabMaster chambers (TSE Systems) individually for 5 days for measurement of food intake, water intake, and indirect calorimetry. Body composition including lean and fat mass was measured by EchoMRI (Echo Medical System) basally and after 32 wk of HF/LF feeding.
Intraperitoneal glucose and insulin tolerance test. Glucose tolerance and insulin sensitivity tests were analyzed basally and after different periods of LF or HF diet feeding. Mice were fasted 6 h before intraperitoneal injections of glucose (1 g/kg body wt) or insulin (0.5 U/kg body wt; Novolin R; Novo Nordisk). Blood glucose concentrations were measured using a glucometer at 0, 15, 30, 60, and 120 min postinjection.
Real-time quantitative PCR. Total RNA from frozen tissues or cells were extracted using an RNeasy Mini Kit (Qiagen). RNA was reverse transcribed to cDNA by a High Capacity cDNA Reverse Transcription Kit (Invitrogen, Carlsband, CA). Real-time quantitative PCR was performed on a MyiQ Real-time PCR Thermal Cycler (Bio-Rad) with SYBR Green PCR Master Kit (Qiagen, Valencia, CA). Relative mRNA expression was calculated using the MyiQ system software as previously reported (21) and normalized to 18S RNA levels. All primer sequences used in this study are found in Table 1 .
Western blotting. Total protein was extracted from tissue or cultured cells. Protein (30 g) from each sample was subjected to electrophoresis in SDS-PAGE gel and then transferred to nitrocellu-lose membrane. Protein expression was determined by immunoblotting with the following antibodies: anti-TSP1 (Abcam, Cambridge, MA) and anti-GAPDH (Santa Cruz). Membranes were blocked and incubated with primary antibodies at room temperature for 1 h or overnight at 4°C with gentle agitation, followed by incubation with appropriate horseradish peroxidase-conjugated secondary antibodies (Bio-Rad, Hercules, CA). Labeled proteins were detected with an enhanced chemiluminescence system (Pierce).
Differentiation of bone marrow-derived cells to macrophages and treatment. Bone marrow cells were collected from femurs and tibia of 8-to 10-wk-old male control (TSP1 fl/fl ) and TSP1 ⌬M⌽ mice and cultured in RPMI 1640 with 10% FBS, 15% L-929 condition medium (as a source of colony-stimulating factor-1), and 1% penicillin/strep for 7 days to differentiate into macrophages as described previously (7) . After differentiation, cells were harvested for further analysis of TSP1 mRNA and protein levels by qPCR and immunoblotting, respectively.
In addition, differentiated cells were seeded in a 10-cm dish at a density of 5 ϫ 10 6 and cultured in a hypoxia chamber (1% O2; Coy Laboratory Products) in RPMI media with 0.1-1% BSA in the presence or absence of LSKL peptide (TSP1 antagonist, 1 M; Anaspec, Fremont, CA) or SLLK (control peptide, 1 M) for 24 h. Normoxia condition (with 21% O 2) was also included. After treatment, conditioned media were collected for analyzing TSP1 and TGF-␤ levels by ELISA and plasminogen activator inhibitor-1 (PAI-1)/luciferase assay, respectively.
TGF-␤ assay. Total and active TGF-␤ levels in the condition media of cell culture or in fat tissue lysates were analyzed using the PAI-1/luciferase assay as previously described (46) . For TGF-␤ bioassay, we used mink lung epithelial cells stably transfected with the TGF-␤ response element of the human PAI-1 gene promoter fused to firefly luciferase reporter gene [TMLCs, a generous gift from Dr. D. B. Rifkin (New York University Medical Center)]. Cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% calf serum, L-glutamine, and 200 g/ml G418. First, the TGF-␤ standard curve was generated. To do it, TMLCs were plated in a 24-well tissue culture plate (at a density of 2 ϫ 10 5 cells/well) and incubated for 3-4 h to allow optimal attachment. Next, different concentrations of human recombinant TGF-␤1 (15-1,000 pg/ml; R&D Systems) in 500 l DMEM/0.1% BSA media in triplicates were added to TMLCs and incubated overnight at 37°C. Cells were lysed by incubation with 100 l 1ϫ passive lysis buffer (Promega) at room temperature with rocking for 20 min. Lysates (20 l) were analyzed for luciferase activity using a luminometer (with addition of 100 l of luciferase assay reagent from Promega) recorded as the relative luciferase unit (RLU). Standard curved was plotted by using RLU and the relative TGF-␤1 concentrations. Specificity of the assay had been proven before by neutralization of the TGF-␤ activity in conditioned media with an anti-TGF-␤ antibody (46) . Next, TGF-␤ bioactivity in Table 1 . Primer sequences for genotyping and qPCR
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tissue lysate or cell culture conditioned media was similarly measured as described above. Briefly, to prepare fat tissue lysates, 50 mg of epididymal fat (EAT) or subcutaneous fat (SAT) were homogenized and sonicated in 500 l lysis buffer [50 mM Tris·HCl (pH 7.5) containing protease and phosphatase inhibitor cocktail] on ice. Samples were then centrifuged at 13,000 revolutions/min for 10 -15 min at 4°C. Supernatant was collected and used for the TGF-␤ assay. For active TGF-␤ measurement, tissue lysates were diluted in DMEM/0.1% BSA media (20-to 25-fold dilution) before adding to TMLC cells. For total TGF-␤ levels, tissue lysates were heat activated for 3-5 min at 100°C and diluted in DMEM/0.1%BSA (50-to 100-fold dilution) before adding to TMLC. Next, TGF-␤ activity was similarly measured as described above. In addition, cell culture conditioned media was added to TMLC for active TGF-␤ levels or heat activated for 3-5 min at 100°C and diluted in DMEM/0.1%BSA (5-fold dilution) for total TGF-␤ measurement. The mean RLU values of duplicate samples were converted to concentrations of TGF-␤ (ng/mg tissue or ng/cell number) using a standard curve obtained with human recombinant TGF-␤1 as described above.
Plasma parameters analysis. Plasma insulin, IL-1␤, IL-6, TNF-␣, MCP1 (eBioscience, Waltham, MA), and TSP1 (TSZELISA, Framingham, MA) were measured by ELISA.
Immunohistochemical staining and Masson trichrome staining of fat tissue. Epididymal adipose tissue was fixed and embedded in paraffin. Paraffin-fixed adipose tissues were cut into 4-m sections and placed on slides. Sections were deparaffinized, rehydrated in graded mixtures of ethanol/water, and pretreated by boiling in citrate buffer (pH 6.0), and endogenous peroxidase activity was blocked with 3% H 2O2 for 30 min at room temperature. The sections were incubated with a rat anti-mouse F4/80 antibody (AbD Serotec, Raleigh, NC) in blocking buffer for 1 h at room temperature and followed by washing and incubation with biotinylated secondary antibody for 30 min. Last, peroxidase substrate diaminobenzidine (Vector Laboratory) was applied and incubated for 30 min. The slides were rinsed, counterstained with hematoxylin, and mounted. Images were acquired with a Nikon Edipse 55i microscope. The positive F4/80 staining area in each slide (including 5 fields) was analyzed by using NIS-element software. In addition, Masson trichrome staining was performed in a paraffinfixed fat tissue section by using the service provided by COBRE Pathology Core at the University of Kentucky.
Statistical analysis. Data are expressed as mean values Ϯ SE. Statistical analysis was performed with GraphPad Software and analyzed using ANOVA with the Bonferroni ad hoc test. A P value Ͻ0.05 was considered statistically significant.
RESULTS
Generation and characterization of mice with adipocyte or myeloid/macrophage-specific deletion of TSP1. To determine the contribution of different cellular sources of TSP1 to obesity and its related inflammation and insulin resistance, we generated TSP1 floxed mice (TSP1 fl/fl ) using the service from inGenious Targeting Laboratory. TSP1 fl/fl mice (on 129/B6 background) were constructed by homologous recombination in ES cells using standard methods. Lox P sites were inserted in introns 3 and 7. Cre-mediated excision resulted in the deletion of exons 4 -7. TSP1 fl/fl mice were bred with Adipoq-Cre and Lyz2-Cre mice (Jackson Laboratory) to generate adipocytes (TSP1 ⌬adipo ) and myeloid/macrophage-specific TSP1-deficient mice (TSP1 ⌬Mφ ), respectively. PCR and Western blotting results confirmed the efficient adipocyte or macrophage-specific deletion of TSP1 in TSP1 ⌬adipo and TSP1 ⌬Mφ mice, respectively ( Fig. 1 ). Adipocyte-specific deletion of TSP1 did not protect mice from DIO and its associated inflammation and insulin resistance. To assess the metabolic role of adipocyte-derived TSP1, mice with adipocyte-specific deletion of TSP1 (TSP1 ⌬adipo ) and control TSP1 floxed mice (TSP1 fl/fl ) were challenged with either a LF (10% kcal from fat) or HF (60% kcal from fat) diet for up to 32 wk. First, we determined whether adipocyte-specific deletion of TSP1 had any effect on obesity development. The body weight was measured weekly. Before the end of the study, body composition was analyzed using EchoMRI. Food intake and energy expenditure were evaluated by indirect calorimetric assay. The results showed that body weight, fat mass, and lean mass were similar between TSP1 ⌬adipo and control mice under either LF or HF feeding conditions (Fig. 2, A and B) . Food intake or energy expenditure was comparable between knockout and control groups (data not shown). These data suggest that adipocytespecific deletion of TSP1 did not affect DIO.
Second, we determined the whole body glucose homeostasis in four groups of mice by measuring fasting plasma glucose and insulin levels and performing glucose tolerance and insulin sensitivity assay. The results demonstrated that both HF-fed control mice (TSP1 fl/fl ) and TSP1 ⌬adipo mice developed similar levels of glucose intolerance and insulin resistance at the end of study (Fig. 2, C and D) . Similar glucose intolerance was also seen between TSP1 fl/fl and TSP1 ⌬adipo mice after 2, 4, or 6 mo of HF feeding (data not shown), suggesting that adipocytespecific deletion of TSP1 did not protect mice from obesityassociated impaired glucose homeostasis.
Third, adipose tissue and systemic inflammation were analyzed. Visceral adipose tissue has been suggested to be the primary source of cytokine and adipokine release within obesity-associated inflammation (45) . Moreover, increased accumulation of adipose tissue macrophages is a significant contributor to obesity-induced chronic inflammation (18, 50, 51) . Therefore, the expression of proinflammatory cytokines and macrophage marker F4/80 in epididymal adipose tissue (EAT) was determined. We found that both HF-fed control mice and HF-fed TSP1 ⌬adipo mice had similarly increased mRNA levels of F4/80, CD11c, TNF-␣, IL-1␤, and MCP1 in EAT ( Fig. 2E and plasma levels of TNF-␣, IL-1␤, and MCP-1 (Fig. 2F ). M2 macrophage marker-Arg1 (arginase 1) was similarly reduced in EAT from both HF-fed groups. No significant difference of TSP1 levels in EAT or plasma was revealed between TSP1 ⌬adipo and control mice. Collectively, these data indicate that adipocyte-specific deletion of TSP1 did not protect mice from HF diet feeding-induced obesity and its associated inflammation and insulin resistance. Myeloid/macrophage-specific deletion of TSP1 protected mice from late-stage obesity-associated inflammation and insulin resistance. The effect of myeloid/macrophage-derived TSP1 on DIO and metabolic complication was determined. TSP1 ⌬Mφ and control mice (TSP1 fl/fl ) were fed with LF or HF diet for up to 32 wk. We found that TSP1 ⌬Mφ mice developed similar levels of obesity under HF diet feeding conditions compared with control mice (Fig. 3, A and B) . Food intake and energy expenditure were also similar between TSP1 ⌬mφ and control mice (data not shown). These data suggest that myeloid/macrophage-specific deletion of TSP1 does not affect DIO.
Next, we determined the effect of myeloid/macrophagespecific TSP1 deficiency on obesity-associated inflammation and impaired glucose homeostasis in four groups of mice. We found that obese TSP1 ⌬Mφ mice had improved glucose tolerance and insulin sensitivity at the end of the study after 8 mo of HF feeding (Fig. 3, C-E) . This protection from TSP1 ⌬Mφ mice was not detected in the early stage of HF feeding (e.g., 2 or 4 mo) (data not shown), suggesting a time course-dependent effect of myeloid-derived TSP1 on HF-induced insulin resistance. In addition, plasma TNF-␣, IL-1␤, IL-6, and MCP-1 levels were significantly reduced in HF-fed TSP1 ⌬Mφ mice compared with HF-fed control mice (Fig. 4A) . The reduced macrophage accumulation in EAT and decreased proinflammatory cytokine production were observed in HF-fed TSP1 ⌬Mφ mice (Fig. 4, B and C) . However, the M2 macrophage marker Arg1 was comparable in two genotypes, suggesting that TSP1 is a major regulator of proinflammatory macrophages (F4/80 ϩ CD11c ϩ ) seen in crown-like structures in obese adipose tissue (25) . TSP1 expression in EAT was upregulated in HF-fed control mice but was significantly reduced in HF-fed TSP1 ⌬Mφ mice (Fig. 4C ). In addition, there were no changes in angiogenesis-related genes (CD31 and vascular endothelial growth factor) in EAT between HF-fed TSP1 ⌬Mφ mice and HF-fed wild-type mice (data not shown). Together, these data indicate that myeloid/macrophage-specific deletion of TSP1 reduces proinflammatory macrophage accumulation in white fat tissue and protects mice from late-stage obesity-associated chronic inflammation and insulin resistance.
Mice with myeloid/macrophage-specific deletion of TSP1 had reduced active TGF-␤ levels and adipose tissue fibrosis under HF feeding conditions. As a physiological activator of latent TGF-␤ (38), TSP1 has been shown to play an important role in tissue fibrosis (8, 11, 46) . In adipose tissue, macrophages are a major cellular source of TGF-␤ (9, 29) . Under obese conditions, enhanced TGF-␤ signaling has been observed in adipose tissue, contributing to adipose tissue fibrosis and the resultant impaired adipocyte function (39, 41, 52) . Therefore, we determined whether macrophage-specific deletion of TSP1 could attenuate TGF-␤ signaling in obese EAT. As expected, we found that EAT fibrosis was significantly attenuated in HF-fed TSP1 ⌬Mφ mice as demonstrated by reduced positive Masson staining and expression of collagen I, III, and VI in adipose tissue compared with HF-fed control mice (Fig. 5, A and B) . This phenotype was associated with the reduced active TGF-␤ levels [quantified by using the PAI-1/ luciferase assay as previously described by our laboratory (46) ] and reduced expression of TGF-␤ downstream molecules (PAI-1 and connective tissue growth factor) in EAT (Fig. 5, B  and C) . Total TGF-␤ levels were comparable between two genotypes. However, HF diet feeding did not increase active or total TGF-␤ levels in SAT that has less macrophage infiltration compared with EAT during obesity development (data not shown). Collectively, these data suggest that a TSP1-mediated TGF-␤ activation mechanism might be involved in obesityinduced adipose tissue fibrosis.
To further determine the autocrine mechanism of TSP1mediated TGF-␤ activation in macrophages in the context of obese conditions, we cultured bone marrow-derived macrophages from TSP1 fl/fl and TSP1 ⌬mφ mice under hypoxic conditions (1% O 2 ). Normoxic conditions (21% O 2 ) were included as controls. Wild-type macrophages (isolated from TSP1 fl/fl mice) were treated with the TSP1 antagonist peptide LSKL [a peptide to specifically inhibit TSP1-mediated latent TGF-␤ activation (24, 35, 54)] or the control peptide SLLK for 24 h. TSP1 and active TGF-␤ levels in the conditioned media were determined by ELISA and PAI-1/luciferase assay, respectively. As shown in Fig. 6 , hypoxia condition upregulated both TSP1 and active TGF-␤ levels in wild-type macrophages. With TSP1 deficiency or LSKL treatment, hypoxia-induced active TGF-␤ levels were significantly reduced. LSKL treatment did not affect total TGF-␤ levels. Taken together, these data suggest that macrophage-derived TSP1 activates latent TGF-␤ and promotes adipose tissue fibrosis under obese conditions.
DISCUSSION
Recent human and rodent studies suggest that TSP1 plays an important role in obesity-associated inflammation and insulin resistance. In this study, by using tissue-specific TSP1 knockout mice, we determined the contribution of different cellular sources of TSP1 (adipocytes and/or macrophages) to obesityinduced metabolic complications in a DIO (DIO) model. The results demonstrated that only macrophage-specific TSP1 deletion (TSP1 ⌬Mφ ) protected mice against obesity-associated ATM accumulation, AT fibrosis, inflammation, and insulin resistance. This protection was only observed in late-stage HF-induced obesity, suggesting a time-dependent effect of myeloid-derived TSP1 on obesity-associated adipose tissue inflammation, fibrosis, and insulin resistance. Mechanistically, through an autocrine effect, macrophage-derived TSP1 acti- vated latent TGF-␤ in adipose tissue and promoted obesityinduced adipose tissue fibrosis and the resultant adipocyte dysfunction. TSP1 is expressed by many cell types and is involved in various diseases such as kidney diseases and obesity-associated metabolic complications (12, 17, 21, 43) . It is highly expressed in adipose tissue from obese and insulin-resistant humans or obese rodents (34, 43, 44) . Adipocytes and the stromal vascular cell fraction (SVF) (e.g., macrophages) contribute to obesityinduced TSP1 expression in adipose tissue. An interaction between adipocytes and macrophages augmented TSP1 expression/secretion (9, 43) . Moreover, our in vitro studies demonstrated that TSP1 stimulated macrophage migration and production of proinflammatory cytokines (20, 21) , suggesting that obesity-induced TSP1 in adipose tissue may act as both a chemoattractant and proinflammatory activator for macrophages and promote obesity-associated inflammation and insulin resistance (20, 21) . Based on these reports, we anticipate that specific deletion of TSP1 in adipocytes (TSP1 ⌬adipo ) or macrophages (TSP1 ⌬mφ ) would show metabolic protection in a DIO model. Surprisingly, no metabolic protection was observed in TSP1 ⌬adipo mice under either short-term or long-term HF diet feeding conditions. This might be explained by the following reasons. First, we found that adipocyte-specific TSP1 deficiency does not affect HF diet feeding-induced TSP1 levels either locally (adipose tissue) or systemically (circulation), suggesting that adipocyte-derived TSP1 does not contribute significantly to obesity-induced TSP1 in vivo (17) . Therefore, this adipocyte-derived TSP1 might not have significant impact on adipose tissue function rather than help maintain its structural integrity. Second, the similar levels of MCP1 [an important macrophage chemoattractant signal and a major player in obesity-associated ATM accumulation and the development of inflammation and insulin resistance (14, 15, 49, 50)] were observed in adipose tissue or circulation between obese TSP1 ⌬adipo mice and control mice. This would also help explain the phenotype of TSP1 ⌬adipo mice. In contrast to adipocyte-specific TSP1 deficiency, our data demonstrated that macrophage-derived TSP1 is a major cellular source of TSP1 in obese adipose tissue and a significant contributor to chronic HF diet-fed induced adipose tissue inflammation and insulin resistance. Consistently, in one of our ongoing studies, we found that M1-like macrophages in white adipose tissue (WAT) from 4 mo of HF-fed wild-type mice expressed more TSP1 than that from M2-like macrophages (unpublished observations), suggesting that infiltrated but not resident macrophages might be key producers of TSP1 in obese WAT. This is supported by our finding that macrophage-specific TSP1 deficiency failed to protect mice from short-term (e.g., 2 mo) HF-fed induced insulin resistance when the M1 macrophage population was not significantly increased in WAT (19, 51) . In addition, TSP1-deficient macrophages demonstrated reduced adhesion and migratory ability (21, 22) and decreased production of proinflammatory cytokines (20, 21, 40) . These intrinsic effects might also contribute to the metabolic protection phenotype observed in TSP1 ⌬mφ mice. However, at this stage, the molecular mechanisms by which TSP1 is regulated in macrophages and why TSP1-deficient macrophages show defects in migration and cytokine production are unknown and warrant further investigation.
In this study, chronic HF diet feeding induced white adipose tissue (e.g., EAT) to undergo fibrotic changes in wild-type mice, which was significantly attenuated in HF-fed TSP1 ⌬mφ mice. A potential mechanism is through TGF-␤ signaling since we found that active TGF-␤ levels and its downstream signaling molecules were reduced in EAT of HF-fed TSP1 ⌬mφ mice. It is known that TGF-␤ is synthesized and secreted as a latent complex (latent TGF-␤), which needs to be converted to the active state before binding to its receptors and eliciting cellular functions. Latent TGF-␤ can be activated by a number of factors, and one well-characterized mechanism is through TSP1 (38) . Macrophage has been suggested to be an important cellular source of TGF-␤ in adipose tissue, which regulates adipose progenitor functions and contributes to adipose tissue remodeling and insulin sensitivity (5, 29) . Blockade of TGF-␤ signaling has been shown to have beneficial effects on combating obesity and diabetes (52) . In addition to TGF-␤, TSP1 is increased in adipose tissue with obesity (1, 17, 28, 34, 37, 43, 44) . Moreover, the current study demonstrates that macrophages are major cellular sources of TSP1 in obese adipose tissue. Through an autocrine mechanism, TSP1 induces latent TGF-␤ activation in macrophages, contributing to obesityassociated adipose tissue fibrosis and the resultant impaired adipocyte function. This concept is supported by our data showing that HF diet feeding did not increase active or total TGF-␤ levels in SAT that has less macrophage infiltration compared with EAT during obesity development. However, the in vivo importance of this mechanism in obesity-associated metabolic complications needs to be determined in future studies.
In summary, by utilization of tissue-specific TSP1 knockout mice in a DIO model, our studies highlight the critical role of macrophage-derived TSP1 in late-stage obesity-associated inflammation and insulin resistance. It suggests that macrophagederived TSP1 may serve as a therapeutic target for obesityassociated comorbidities.
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